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The Synchronous Timing System is designegrtwvide sub-nanosecoritning to instrumen-
tation during the acceleration oparticles in the Main Injectotncreasecenergy ofthe beam
particles leads to a small but significantrease in speed, reducitite time it takes t@om-
plete a full turn of the ring by 6hanoseconds (anore than 3 RF buckets). In contrast, the
referencesignal, used totrigger instrumentatiomndtransmitted over a cable, has a constant
group delay. This difference leads to a phase slip during the aadyrevents instrumentation
such as dampers from properly operativithout additionalmeasures. The Synchronous Tim-
ing System corrects for this phase slip as well as signal propagatiochangesue totem-
perature variations. A module at the LLRF system uses a 1.2 Gbit/s G-Link chip to transmit
the RF clockanddigital data(e.g. thecurrentfrequency)over asingle modefiber around the
ring. Fiber opticcouplers at servicbuildings splitoff part of this signalfor a localmodule
which reconstructs a synchronous beaferencesignal. Thispaper describethe background,
design, and expected performance of the Synchronous Timing System.

INTRODUCTION

The Main Injector ramps fror82.812MHz to 53.104 MHz during the acceleration
from 8 GeV to 150 GeV while increasing the speed of the particles. Giaethere are
588 buckets in the Main Injector, a single turn goes from 11134 ns to h$0Zglif-
ference of 6Ins. In contrastthe referenceignal, transmitted over aable, has a con-
stant group delay. This difference leads to a phase slip that, at MI-30 or halfway around
the MainlInjector, isthe group delay, 1us for a single-modéber, multiplied by the
frequencysweep, 300 kHz, omore than 3 RFcycles. That is unacceptabléor a
damper system or a synchronously sampling beam position system.

The ideabehind theSynchronousTiming System (STS) is to providastrumenta-
tion aroundthe MainInjector with a triggersynchronous to garticularbunch of the
beam everduring acceleratiorPrevious work done dermilab on obtaining &eam
synchronous trigger is described in [1]. However, this system used a frequoemdgr
on the RF signal to determine the frequency. The STS will transmit nothenigF but
also adigitally encoded frequency value to simplify tthesign ofthe localreceiver. A
different approach to obtain a synchronous phase is to add a delay to the LLRF feedback



loop that is equal to theable delayfrom the LLRF to the localreceiver.However, for
the MainlInjector LLRF such adelay would complicate the.LRF system andnight
even lead to instabilities.

An added complication is the temperature dependency of the signal carrying me-
dium. For example, for a single-mode fiber ttés be up to 3@s/Ckm.With a 10°C
variance in duct temperature and a cable lengthloh 5the total timediffers about 1.5
ns. That isenough of avariation that theSynchronousliming System needgempera-
ture compensation. The STS desams to provide aynchronoudrigger withtiming
noise of around a 100 ps RMBhis will satisfythe requirement$or instrumentation
like dampers or synchronoleamposition sampling systems and supdmam insta-
bility studies.

The following sections in this paper describee reconstruction of thphase, the
signal distribution infrastructure, and the design of the receiver and transmitter boards.

SYNCHRONOUS TIMING

The STS must correct the phase to account for the difference in travel times between
the reference signal and the particle speed as well as the variations in the group delay due
to temperature changes. This chapter first analyzeghige as a function of frequency
(RF) followed by an analysis of the phase as a function of temperature.

Phase as a Function of Frequency

The LLRF is trying to keeghe particles at the sanphase foreachturn no matter
what the frequency, as the number of buckets remains the same. Thisf@s aog lo-
cationaroundthe ring. As the frequencyincreasesthe phase ofthe reference signal
shifts as more cycles fit within the samablelength. Therefore the local receivenust
“unwind” the phase of the RF signal to construct a synchropbase.This is done by
subtracting a delta phase that is the product of the change in frequency and the time-of-
flight of the RF signal. In addition, a phasgercept is added to align tiphase of the
reconstructed RF with the phase of a detector:

¢wnc = ¢RF - A¢ + ¢intercept

A = Aw(T

(1)

with Aw=w - w,,,, T =time-of-flight of RF, and, .....= phase intercept.

Phase as a Function of Temperature

The temperature dependency is modeled as an extra delaycabtheas a function
of temperature:



AT = ((T) ~v(T) 0 ")
with | = length of cableT,= temperature at timie andv(T)) = signal speed &t.

The At will be measured indirectly by comparing the phase of the RF signal gener-
ated by the transmittdroard andhe phase othe RF signal received afterhas gone
around the ring. The receiver for this signal will be on the same boénd mansmitter.

The phase shift due to ther is:

Ad g, = AWIAT 3

Assumingthat thedistribution of the temperature dependghéase shift idinear along
the signal path then the local phase shift is:

local

DY = AP BT— (4)

with the value of a variable at an arbitrary loca@waundthe ring indicated by the su-
perscriptiocal and the location back at the LLRF after a full turn indicated byuiper-
scripttotal.

The change due to temperature variation is very slow compared to the change due to
frequencysweeping.The cableductsare buried 4 to 7eet and shouldchange only
about 10°C overthe seasons. Fashanges between the generated and receiliede
will be regarded as errors that should be diagnosed. Eviea i€Emperature varied by 1
°C over a day this would only be a change of 0.1 ps per minute.

Reconstructed and Temperature Compensated Phase

The compensating phase shift to be locally added to the RF signalsisnthef the
frequency phase slip and temperature compensation:

local

total L ( 5)

temp T total

A¢Iocal :Awlj.local +A¢

This can be rewritten so that only one teth +Ag,ow /1'%, must be transmitted:

tal
A O

A¢Iocal ?(0"‘ i EB.Iocal (6)

SIGNAL DISTRIBUTION

The distribution of the signal from the transmitter to the receivers is depicted in fig-
ure 1. TheLLRF system providethe transmittewvith a Voltage Controlled Oscillator



(VCO) synchronized strobe and the required digital information. We choose single mode
fiber as the medium because oflagv cost, lowattenuation, and high bandwidth. The
low cost, $1 per foot per 2bers, gives it grice advantage over copper cables espe-
cially counting the number of channels mable. The low attenuation0.35 dB/km,
makes it possible to passively spiitf a part of the signal atach of the 10 service
buildings while avoiding the use of amplifiers and associated noise. Figure 2 depicts the
loss calculation and includes losses due to connectors, splitters, and 5 km of cable. The
high bandwidth makes it possible e the G-Link chip from Hewlett Packard [3]
which supports a stream up to 1.2 Gbit/s. The STS will use the RF (53 MHZ)ak a
and the 20 bits per clock cycle are used to carry the digitally enaddeahation. Fini-
sar Optical modules [4] convert the G-Link signal to 1310 nm light waves and back. The
STS will have for redundancy reasons two fibers witlaetive signal and a third fiber
prepared for immediate use. The remaining 21 fibers are for future use.

The transmitters and receivers are VXI modules, throughthe slot 0 processor,
communicatevnith consoles using FermilabAcceleratorControl Network(ACNET)
protocol. This link is used for initialization, diagnostics, and calibration purposes.
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1. The signal distribution.
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FIGURE 2. The passive splitting of a signal each ofthe 10servicebuildings. The topnumbers
indicatethe splitter ratio while the tofdotted)line is the opticapower inthe incomingfiber to the
servicebuilding. The lower(solid) line is the opticapower tothe receivers at eaclocation with the
name of the service building below the solid line. This calculation assumetB@a fransmitter with a
minimum receiver power requirement of -16 dBm.

RECEIVER AND TRANSMITTER DESIGN.

Besides correcting the phase, the STS mustble to identify a particuldsunch or
otherwise a damper would nkbow which bunch to kick. Anarker reset is generated
by theLLRF on injection of beam into thélain Injector. The transmittersendsthis
marker to the receivers which then reset a local bucket counter. This countereeahnts
cycle (read bucket) of the synchronized RF and resets ath888 buckets passed by,
thus always providing the same counter value for the same bucket.

Resolution Considerations

The maximum frequency change between updatess Will be 20 Hz inthe Main
Injector, given the 2 MHz/slew rate. This correspondsdbout a 10 ps peak to peak
jitter at the maximum cable delay of @s.

The G-Link chip can transmit 2Mits per frame at a frantate of 53MHz. As the
STS mustiransmit differenimessages, 4 bireused toidentify the type ofmessage.
This leaves 16 bits to describiee frequencysweep. Given aange of500 kHz, (300
kHz is the current sweep range, 200 kéktrarange),the 16 bitword has aesolution
of 500 kHz/65536 or 7.6 Hz. With the delay of|Zbthis results in ftter of 4 ps peak
to peak.These (uniform white noisejuantizationerrorslead to aRMS noise of
V((10% + 49)/12) = 3 ps. This is small compared to RM®ise fromthe G-Link chip,
about 42 ps. We dexpect contributionfrom other parts othe electronics but not so
high that we will come above a 100 ps RMS noise total.

The RF signal from the LLRF, however, is not perfect. kg8matedhat, depend-
ing on what cycle is running in the Main Injector, there is abdiiCaps of RMS noise
in this signal that is relevant to a damper system. Improvements on the quality of the RF
signal will be for a future project.



The Receiver

The design of the receiver shown infigure 3. TheSTS signal comes in over the
fiber and is converted into a parallel stream of 20 dats framewith a 53MHz strobe
by the Optical Receiver consisting of a Finisar FRBA0 and a G-Link moduld®iag-
nosticdatafrom the G-Link and Finisar modulare accessibleverthe VXI interface.
The strobe is used asdock to thePhase Shifter and Phase Calculatibme frame is
decoded on ar\ltera chip into the correction term of equati¢d) or amarker reset
event.The PhaseCalculationperformsthe multiplication in equatio(6) and adds two
more phase offsets. Onetie intercepphase g, cc.» t0 align thesynchronous phase
with the phase of @eampickup. The other is @hase from docal analogsignal that
could be part of a PLL on bBeamsignal to help improve theynchronous phase.
ACNET can access thecal interceptphase,®, ..., and time-of-flight .., values
over the VXI interface for calibration setup. The Phase Shifter [&@nmodulator cir-
cuit. The Alterachip implements thgine and cosine functions die correctegphase.
These signals are converted to analog to be multiplied by the quad@mnpenents of
the strobe signal, summed together and bandpass filtered. The resulting signal is used to
pulse the counter of the Pattern Generator sl aghe synchronous RF output sig-
nal. The Pattern Generator contains a single byte wide memory bank with one byte for
each bucket and one bit for each of the 8 output Triggers. The Pattern Genenatof's
ory is set using ACNET. To allow easy calibration and diagnogtiescorrectiorterm,
the calculated\phase shiftaand thelocal signal areavailablethroughthe Multiplexer
(MUX) unit and the D/A converter as a analog signal or thrabghvXI interface as a
digital value.
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FIGURE 3. Diagram of the receiver.



The Transmitter

The transmitter modulerovidesthe opticalsignal used bythe receivermodules.

This signal is synchronized with the RF by the VCO of the LLRF and contains informa-
tion on the frequency value, the change in fiber delay due to temperature, @edrthe
markerreset. The module is located close to tMain Injector LLRF system,and it
contains the samBSP, anAnalog DevicesSHARC, asthe LLRF system. Using the
same DSP simplifies communication betweentiihe systems and alsomaximizes data
transferspeed.The LLRF DSP transfers frequendyformation to the transmitter DSP
through a fast Link Port.

Each transmitter module contains all the components of a receiver module except the
pattern generator and t#éD converter. Thisreceiver decodes the transmitter signal
which hastraveled the full circumference of thimg. The PhaseDetector of thetrans-
mitter compares the synchronized output of the receiver module with the RF input of the
transmitter module. Errors are accumulated and used to ntedify,. The PhaseCal-
culation, implemented on the DSP, udies digitalfrequency, fregRF, thetemp,, and
the time-of-flight, to calculate the correction term. The marker reset is sent dlrectly to the
encoder to avoid processor delays which might disrupt the single bucket precision of the
signal. Access to the receiver and tH&value is handled by ACNET.
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FIGURE 4. Block Diagram of transmitter.

CONCLUSIONS

We have designed taning systemthat delivers a triggesynchronous téthe beam
during accelerationThe infrastructurdasbeen installed andork to layout thetrans-
mitter and receiver boards is in progress. &¥pect that th@oise added byhe STS to
the synchronous trigger will be less than 100 ps RMS. As the RF signal has about a 100
ps RMS noise tdt, the totalnoise isestimatedaround 14Qos. This can be improved



locally by locking to asignal from abeampickup for thoseapplications thatdon'’t re-
quire first turn sampling. In the future we hope to improve RF signal therbLRF to
further reduce the noise in the synchronous trigger.
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